A network of preferentially oriented pores is shown to induce anisotropy of linear and nonlinear optical properties of oxidized porous silicon ͑OPS͒ films. Although the x-ray diffraction indicates the presence of amorphous phase in OPS samples, the near-infrared and visible transmission measurements reveal a strong in-plane anisotropy exceeding that for the crystalline quartz. This anisotropy modifies dramatically polarization properties of the nonlinear optical properties resulting in a strong anisotropy of the third-harmonic signal generated from these films.
Silicon-based photonic devices have recently attracted significant attention due to their intrinsic compatibility with the vast majority of integrated electronic devices.
1-3 Silicon nanocrystals and silicon-based nanocomposites are important classes of materials, 4 whose electronic and optical properties can be tailored by varying the size of nanocrystals, the shape of nanoinclusions, and their filling factor. Ordered meso-and macroporous structures produced either by an agglomeration of nanoclusters 5, 6 or by bulk material etching 7, 8 are finding various applications in photonics, micro-and optolelectronics, catalysis, etc. Silicon oxide nanomaterials are becoming increasingly important in light of the search for low-k dielectrics 9 and optical gain in silicon nanocrystals in a silicon oxide matrix. 10 While being microscopically isotropic, materials might possess an optical anisotropy induced by arrays of anisotropic nanoinclusions. 11 Such nanoinclusions, from the electrodynamic standpoint, introduce differences in boundary conditions for electromagnetic waves of different polarizations, making these waves physically nonequivalent. Thus, the symmetry of optical properties can be modified without the change of the unit-cell architecture. A very high birefringence of originally isotropic materials has been demonstrated in the midinfrared region for two-dimensional photonic crystals made out of silicon. 8 Pores formed in crystalline silicon ͑c-Si͒ as a result of electrochemical etching 12 are preferentially oriented along certain crystallographic directions, resulting in strong optical anisotropy of the porous Si ͑PS͒; this birefringence leads to enhanced nonlinear-optical interactions due to the possible phase matching. 13 In this letter we focus on the linear and nonlinear optical anisotropy of the medium formed by amorphous constituents and demonstrate how the network of preferentially oriented pores results in such anisotropy. We choose PS as a starting material since it is one of the promising materials for photonic applications. Thermal oxidation of PS produces the nanostructured material made of amorphous silicon oxide nanoclusters.
14 Oxidized PS ͑OPS͒ has many advantages with respect to PS from a practical standpoint. It inherits porous structure of the initial PS, which allows different media to be embedded into it. At the same time, unlike PS, an OPS structure is optically transparent and is robust with respect to aging. 15 The anisotropy of OPS, which is for the first time characterized in this report, adds an extra value, making this material readily available for a variety of optical components.
The initial PS films were prepared by electrochemical etching of boron-doped c-Si ͑110͒ ͑3 m⍀ cm͒ in a 1:1 mixture of ethanol and hydrofluoric acid using a typical current density of 27 mA/ cm 2 ; the thickness of the film is typically around 30 m and is controlled by the etching time. The preferential propagation of pores along the crystallographic axes results in the in-plane birefringence of PS. 12, 13 The freestanding film was detached from the substrate by a pulse of high current density. Oxidation of the detached PS films was performed in air atmosphere in two steps: ͑1͒ First, the sample stabilization is achieved at a temperature of 600°C for 2.5 h, and ͑2͒ complete oxidation is reached at a temperature of 950°C for 3.5 h. The oxidation results in the formation of highly visibly transparent films.
Several methods were used to characterize the films of OPS. First, the x-ray diffraction was employed to gain knowledge of the crystal structure of the formed films. Typical diffraction patterns for both PS and OPS films are displayed in Figs. 1͑a͒ and 1͑b͒, respectively. One can see a striking difference between those patterns signifying a dramatic change occurring in the film crystal structure during the oxidation process. The x-ray pattern for PS shows several reflexes, which correspond to those of crystalline silicon. Since the position of these reflexes is identical to that of c-Si, it indicates that neither structure nor distance between silicon atoms has been changed as a result of the pore formation. On the other hand, the x-ray diffraction pattern for OPS film exhibits a broad ring ͓Fig. 1͑b͔͒, which is typical for amorphous material. Thus, OPS film does not possess a shortrange order.
We also performed photoluminescent and cathodoluminescent measurements while searching for any signature of the silicon nanocrystals. We have not observed any bands in luminescence spectra, which could correspond to silicon nanocrystals, and a typical lifetime of photoluminescence appears to be too short ͑ϳ1 s͒ for silicon nanocrystals. 10, 16 Both the PS and OPS films were characterized in the infrared ͑IR͒ region from 1000 to 3500 cm −1 using a Fouriertransform IR spectrometer ͑Spectrum RX-I, Perkin-Elmer, Inc.͒. These spectra, shown in Fig. 2 , also appear to be very different. Oxidation results in almost complete removal of absorption bands corresponding to Si-Si ͑ϳ650 cm −1 ͒ and Si-H ͑906, 2087, and 2116 cm −1 ͒. In the case of the PS film, a rather narrow band at around 1075 cm −1 is transformed into a very broad band 960-1280 cm −1 for the OPS film. The absorption band at around 500 cm −1 corresponding to a nonstoichiometric silicon oxide also occurs after annealing, manifesting the presence of both SiO and SiO 2 . The above results can be explained in terms of the full oxidation of PS with the simultaneous formation of amorphous silicon oxide nanoclusters.
By analyzing the IR transmission curve for the PS sample in Fig. 2 in greater detail, one can note fast oscillations of the transmission curves, which are the result of the interplay of interference beating fringes for ordinary and extraordinary waves. We can deduct the birefringence value, ⌬n = ͉n o − n e ͉, to be 0.24 and wavelength independent. The mean refractive index, ͗n͘ = ͑n o + n e ͒ / 2, is found to be 1.3. No significant beatings occur in the case of the OPS sample, which indicates a relatively low birefringence of OPS when compared to the initial PS film. The mean refractive index for the OPS films was found to be 1.18.
To characterize optical anisotropy of thin OPS films in the visible and near-IR region of the spectrum, we placed our samples between two polarizers and recorded transmission spectra for parallel and perpendicular orientation of these polarizers. The optical axis, which corresponds to the crystallographic direction ͓001͔ in the plane of the sample, is oriented at an angle of 45°with respect to the polarizer. By dividing these spectra one on each other ͑see Fig. 3͒ , the birefringence as a function of wavelength can be calculated.
12, 13 The normalized transmittance demonstrates clearly pronounced minimum and maximum, which correspond to certain phase differences between ordinary and extraordinary waves. The birefringence value of 0.025 for a wavelength of 1210 nm corresponds to the half-wavelength retardation, while a very close value of 0.026 for a wavelength of 620 nm corresponds to the full-wavelength retardation.
In order to quantitatively explain the observed optical anisotropy of OPS, we propose the following model. We assume that oxidation leads to formation of the silicon oxide nanoclusters and pores, which have the same form anisotropy as the initial PS film. We use the effective-medium approximation, 17 generalized for the case of constituents with form anisotropy, 18 where both pores and nanoclusters are considered as ellipsoids with parallel axes and an equal axis-length ratio. The dielectric tensor of this effective medium, eff , is then expressed in terms of the dielectric functions of silicon oxide nanoclusters, 1 , with a filling factor ͑1− p͒, where p is the porosity of the sample, and that of pores, 2 = 1, with a filling factor p. This leads to the following equation:
where i denotes projection along the main ellipsoid axes. The form anisotropy of pores and nanoclusters results in different polarization factors L i for different field directions, leading to birefringence of the composite material. Assuming the refractive index of silicon oxide nanoclusters to be n 1 = ͱ 1 = 1.8 ͑Ref. 19͒ and fitting the earlier measured parameters of the refractive indices and the birefringence with Eq. ͑1͒, one gets the porosity of the OPS sample of p = 0.74 and the depolarization factor of L ʈ = 0.43. The above simple model also allows us to address the variation of nonlinear optical properties of OPS. Since the second harmonic generation is not dipole allowed in media with inversion symmetry, here we consider only the thirdharmonic generation ͑THG͒ and the corresponding thirdorder susceptibility tensor, ͑3͒a , which in the case of amorphous ͑i.e., isotropic͒ medium has nonvanishing components only with an even number of equal indices obeying the isotropy relationship 20 1111 ͑3͒a = 1221 ͑3͒a + 1212 ͑3͒a + 1122 ͑3͒a . ͑2͒
In the case of a composite material, an effective thirdorder susceptibility tensor, ͑3͒eff , can be described as Transmission spectrum for OPS sample placed between two orthogonal polarizers normalized to the one taken for the same sample but for parallel orientation of polarizers.
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where I is a local-field factor with Cartesian components and find that Eq. ͑2͒ is no longer fulfilled, i.e., the medium appears anisotropic from the point of view of nonlinear optics as well. A similar anisotropy has been studied earlier in detail for the initial PS films. 22, 23 To verify the above findings, we used a Cr:forsterite laser generating 50-fs pulses at a center wavelength of 1250 nm ͑Ref. 24͒ to measure the third-harmonic ͑TH͒ signal generated in OPS structures. To characterize the nonlinear-optical anisotropy of the OPS film, the polarizational dependences of the TH signal were measured in transmission ͑see Fig. 4͒ . The power of the generated TH signal polarized along the ͓110͔ and ͓001͔ directions depends on the polarization angle of fundamental radiation, , as follows: ͑3͒eff ͉͒ = 0.25, whereas the developed theory gives the values of these ratios as 0.4 and 0.1, respectively. Some discrepancy, most probably, is due to the possible effect of phase matching 13 occurring in the process of TH generation, which is not taken into account.
Thus, we have demonstrated that a network of preferentially oriented pores in silicon oxide induces form anisotropy of linear and nonlinear optical properties of optically transparent material. With a typical pore size of the OPS samples being much less than the wavelength of the visible light, but much larger than the wavelength of x rays, the amorphous phase predominates the short-order structure while exhibiting a strong in-plane anisotropy. This anisotropy leads to the modified tensor of the third-order nonlinear optical susceptibility and possible phase matching of the direct THG process. This should lead to a 4-6 orders of magnitude increase of the generated TH power, making this material comparable with nanocrystalline ZnO, for which a very efficient direct non-phase-matched TH signal was observed. 25 The transparency of the OPS structure in the visible and near-IR region, its compatibility with the vast majority of electronic and optical components, and robustness with respect to aging makes it a promising material for a variety of optical and nonlinear optical applications. 
